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 WKHUH UHPDLQ VRPH LVVXHV UHODWHG WR ODVHU VSDWWHULQJ DQG EDOOLQJPDWHULDO HYDSRUDWLRQ DQG NH\KROH HIIHFWV
6LPRQHOOLHWDO5HVXOWDQWPLFURVWUXFWXUHRIWKHEXLOGSDUW$PDWRHWDODQGVWUXFWXUDOLQWHJULW\LVDOVR
DPDMRUFRQFHUQ%ULQNVPHLHUHWDOHVSHFLDOO\IRUQLFNHODOOR\V,QFRQHODQG,QFRQHOZKLFKDUHXVHGLQ
PLVVLRQFULWLFDOSDUWVLQDHURVSDFHDSSOLFDWLRQV
,QRUGHUWRJDLQLQGHSWKXQGHUVWDQGLQJRIWKH/DVHU3RZGHU%HG)XVLRQSURFHVVLQJRIQLFNHODOOR\,QFRQHO
 WHVW FRXSRQV WKDWZHUH IDEULFDWHGZLWKGLIIHUHQW SURFHVV FRQGLWLRQV DUH DQDO\VHG$Q LQVLWX WKHUPDO FDPHUD
YLGHR UHFRUGLQJ LV SHUIRUPHG DQG DQDO\VHG IRU PHOWSRRO VL]H VSDWWHULQJ SDUWLFOHV DQG KHDWLQJ DQG FRROLQJ UDWHV
GXULQJSURFHVVLQJRISRZGHUPDWHULDO)XUWKHUPRUHPLFURVWUXFWXUHJUDLQVL]HDQGFROXPQDUJUDLQJURZWKGLUHFWLRQV
DUHPHDVXUHGIURPVFDQQLQJHOHFWURQPLFURVFRS\6(0LPDJHV)LQLWH(OHPHQW)(PRGHOLQJLVXWLOL]HGWRSUHGLFW
WHPSHUDWXUHJUDGLHQWVDQGGLUHFWLRQVLQUHODWLRQWRFROXPQDUJURZWK
([SHULPHQWDO$SSURDFK
2.1. Laser powder bed fusion and experimental design 
$FRPPHUFLDODGGLWLYHPDQXIDFWXULQJJUDGH0LFUR0HOW$0,QFRQHOSRZGHUSURGXFHGE\JDVDWRPL]HG
SURFHVVZLWKWKHDYHUDJHSDUWLFOHVL]HRIPPIURP&DUSHQWHUFRPSDQ\ZDVXVHGDQGVROLGFRXSRQVLQWKHVKDSHRI
FXEHVîîPPZHUHPDQXIDFWXUHGXVLQJDQ(260'LUHFW0HWDO/DVHU6LQWHULQJ'0/6PDFKLQHXQGHU
QLWURJHQJDVDPELHQFHDWWKH1DWLRQDO,QVWLWXWHIRU6WDQGDUGV	7HFKQRORJ\1,67IDFLOLW\ORFDWHGLQ*DLWKHUVEXUJ
0DU\ODQG 86$ 7KH /3%) V\VWHP FRQVLVWHG RI D VLQJOH PRGH \WWHUELXP ILEHU ODVHU ,3* </560 ZLWK D
PD[LPXPSRZHURI׽:DQG)WKHWD IRFXVLQJREMHFWLYH WKDW SURYLGHV DYDULDEOH VSRW VL]HRIaPP ,Q WKH
H[SHULPHQWV IDFWRU OHYHO %R[%HKQNHQ H[SHULPHQWDO GHVLJQ ZKHUH ORZ PHGLXP DQG KLJK VHWWLQJV RI HDFK
IDFWRU DUH GHILQHG DVP  :vs   PPVh   PP IRUSRZHU P VFDQ
YHORFLW\vsDQGKDWFKGLVWDQFHhUHVSHFWLYHO\3RZGHUEHGWKLFNQHVV LVVHWDWs PZLWKDERXWSRZGHU
SDFNLQJGHQVLW\7KHUHIRUHODVHUHQHUJ\GHQVLWLHVEHWZHHQDQG-PPLQWRWKHSRZGHUEHGZDVREWDLQHG
DVGHILQHGZLWK(T

E Pvsîhîs          

7KH/3%)SURFHVVZRUNVE\PHOWLQJGHVLUHGORFDWLRQVRQWKHSRZGHUEHGRQDOD\HU7KHDUHDWREHSURFHVVHGLV
ILUVWGLYLGHGLQWRIRXUVWULSHV(DFKVWULSHZLWKPPZLGWKFRQVLVWVRIPXOWLSOHWUDFNVVHSDUDWHGE\DKDWFKGLVWDQFH
DQGHDFKWUDFNLVSURFHVVHGZLWKWKHODVHUEHDPDWDFRQVWDQWVFDQQLQJYHORFLW\$IWHUD WUDFNLVFRPSOHWHGE\WKH
PRYHPHQWRIODVHULQRQHGLUHFWLRQODVHUWXUQVRIIDERXWPVDQGVKLIWVWRZDUGVWKHQH[WXQSURFHVVHGWUDFNDQG
WXUQVRQDJDLQVWDUWLQJWRPRYHLQWKHRSSRVLWHGLUHFWLRQRIWKHSUHYLRXVWUDFN$OVRWZRVHSDUDWHVFDQVWUDWHJLHVSS
ZLWKOD\HUWROD\HUFRXQWHUFORFNZLVHURWDWLRQRIDQGaDQJOHVDUHDSSOLHGIRUREWDLQLQJXQLIRUPO\GHQVHEXLOW
SDUWVDVVKRZQLQ)LJ



)LJ/DVHUVFDQQLQJRIVWULSHVZLWKKDWFKLQJDQGOD\HUURWDWLRQLQ/3%)

7KH VL]H RI WKH PROWHQ UHJLRQ LQ WKH SRZGHU EHG LV GHWHUPLQHG E\ SURFHVV SDUDPHWHUV DQG SRZGHU PDWHULDO
SURSHUWLHV DV ZHOO DV SURFHVV HQYLURQPHQWDO HIIHFWV $IWHU D OD\HU LV ILQLVKHG D QHZ OD\HU RI SRZGHU ZLWK D
SUHGHILQHGWKLFNQHVVLVSODFHGRQWKHSRZGHUEHG)RUDVXFFHVVIXOEXLOGLWLVFULWLFDOWKDWWKHPHOWSRROVL]HLVODUJH
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HQRXJKWRFRQQHFW WUDFNVDQGVWULSHV LQHDFKOD\HUDQGGHHSHQRXJKWRIXVHZLWKWKHSUHYLRXVOD\HU,QDGHTXDWHRU
H[FHVVLYHSURFHVVSDUDPHWHUV FDQ HDVLO\ FDXVH LQFRPSOHWH IXVLRQRUNH\KROHPHOWSRROZKLFK OHDGV WR FDWDVWURSKLF
IDLOXUHVGXULQJWKHSURFHVV$OVRSURFHVVSDUDPHWHUVDQGOD\HUZLVHVFDQVWUDWHJ\KDYHDVLJQLILFDQWLQIOXHQFHRQWKH
XQGHUO\LQJPLFURVWUXFWXUHRIWKHSDUWZKLFKDIIHFWVWKHUHVXOWDQWSURSHUWLHVDQGIDWLJXHOLIHVLJQLILFDQWO\>@
2.2. Thermal measurements and spatter analysis 
7KHUPDO JUDGLHQW PHDVXUHPHQW LV KLJKO\ LPSRUWDQW IRU YDULRXV XQGHUVWDQGLQJ RI SRZGHU FRQVROLGDWLRQ DQG
VROLGLILFDWLRQLQ/3%)=DHKDQG2WW.UDXVVHWDO,QVLWXPRQLWRULQJRIWKHSURFHVVFDQEHXWLOL]HGWR
TXDQWLWDWLYHO\DQDO\]HPHOWSRROVL]HDQGVSDWWHULQJSKHQRPHQRQ)XUXPRWRHWDO)RUWKLVSXUSRVHDQ+)5
WKHUPDOFDPHUDKDVEHHQSODFHG LQ WKHSURFHVVLQJFKDPEHUGRRURI WKH(26'0/6PDFKLQHDQG WKHSURFHVVKDV
EHHQ UHFRUGHG IRU WKH QRPLQDO SURFHVVLQJ FRQGLWLRQ P : vs PPV h PP SSR  7KH WKHUPDO
FDPHUDKDVDQLQWHJUDWLRQWLPHRIPVDQGFDQUHFRUGDWIUDPHVSHUVHFRQGZKLFKWUDQVODWHVLQWR
PVSHU IUDPH ,Q WKH LQVWDQWDQHRXV ILHOGRIYLHZL)R9HDFKSL[HO UHSUHVHQWVȝPDQG WKHFDPHUD LVDQJOHGDW
qZLWKaPPGLVWDQFH)RUWKHSXUSRVHRIWKLVVWXG\LWLVLPSRUWDQWWRQRWHWKDWIRUHPLWWLYLW\YDOXHRIİ 
XVHGRQO\WHPSHUDWXUHVIURP&WR&FDQEHYHU\UHOLDEO\FDOFXODWHGE\WKHFDPHUD7HPSHUDWXUHVRXWVLGH
WKLVUDQJHVKRXOGEHWUHDWHGZLWKFDXWLRQ7KUHHIUDPHVDORQJDWUDFNEHJLQQLQJPLGGOHDQGHQGIURPWKHWKHUPDO
YLGHRUHFRUGLQJDUHVKRZQLQ)LJ



)LJ7KHUPDOLPDJHRISRZGHUVXUIDFHGXULQJ/3%)SURFHVVLQJP :vs PPVh PPSS 

7RGHWHUPLQHWKHVL]HRIPHOWSRROIURPWKHWKHUPDOFDPHUDUHFRUGLQJHDFKIUDPHLVSURFHVVHGLQGLYLGXDOO\VXFK
WKDWSL[HOVZLWK WHPSHUDWXUHVH[FHHGLQJ WKH OLTXLGXV WHPSHUDWXUH & IRU ,1DUH VHJPHQWHG IURPFROGHU
SL[HOV'XULQJWKHSURFHVVLQJRIPHOWSRROVL]HFDOFXODWLRQVLWLVREVHUYHGWKDWVRPHRIWKHODVHUVSDWWHULQJSDUWLFOHV
WKDWDUHLQFORVHSUR[LPLW\WRWKHPHOWSRRODIIHFWWKHPHOWSRROVL]HFDOFXODWLRQDOJRULWKP)LJ
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
)LJ0HOWSRROZLGWKPHDVXUHPHQWVDORQJZLWKDWWDFKHGDQGGHWDFKHGVSDWWHULQJSDUWLFOHV'LPHQVLRQVDUHLQSL[HOV
0HDVXUHG PHOW SRRO ZLGWK MPw ODVHU VSDWWHU S DW D ORFDWLRQ DORQJ D WUDFN xf DUH VKRZQ LQ )LJ  $
SHUFHQWDJHRIDSSDUHQWVSDWWHULQJLVFDOFXODWHGEHWZHHQLQWKHFDPHUDYLHZDUHDDWGLIIHUHQWORFDWLRQVDORQJ
WKHSURFHVVHGWUDFNV7KHUHH[LVWVVRPHXQFHUWDLQW\)LUVWO\WKHPHOWSRROLWVHOILVYHU\EULJKWDQGVSDWWHULQJSDUWLFOHV
WKDWRFFXS\WKHVDPHDUHDDV WKHPHOWSRRO LQ WKHIUDPHDUHQRWUHFRYHUDEOHIURPWKH LPDJHV0RUHRYHUVROLGLILHG
UHJLRQVDUHKLJKO\UHIOHFWLYHFDXVLQJQRLVHLQWKHPHDVXUHPHQWV)XUWKHUPRUHWKHUHFRUGLQJDQJOHRIWKHFDPHUDDV
ZHOO DV SDWK DQG DOWLWXGH RI IO\LQJSDUWLFOHV FRPELQHGZLWK OHQV IODUHV FUHDWH DQXQFHUWDLQW\ LQ WKHGDWDSURYLGHG
DGGLWLRQDOFKDOOHQJHV/DVWO\FDPHUDFDOLEUDWLRQDQGPHDVXUHPHQWOLPLWDWLRQVH[LVWIRUWHPSHUDWXUHVDERYH&
FRPELQHGZLWKUHIOHFWLRQVIURPWKHVXUIDFHRIWKHSURFHVVHGDUHD


)LJ0HDVXUHGPHOWSRROZLGWKDORQJDVLQJOHWUDFNLQ/3%)RI,QFRQHODVWKHPHDQPLQDQGPD[ZLGWKRIWUDFNPHDVXUHPHQWV

)LJVKRZVWKHPHDVXUHGZLGWKRIWKHPHOWSRRODVWKHPHDQRIWUDFNVWKHUPDOFDPHUDLPDJHVUHSUHVHQWLQJ
DORQJWKHWUDFNOHQJWKZLWKIUDPHVIUDPHVSHUWUDFN0LQLPXPPD[LPXPDQGPHDQWHPSHUDWXUHVREVHUYHG
DWWKUHHGLIIHUHQWx ORFDWLRQVWKHEHJLQQLQJPLGGOHDQGWKHHQGRIWKHWUDFNIRUWKHWUDFNVZLWKQHJDWLYHVFDQQLQJ
GLUHFWLRQVDUHVKRZQLQ)LJ,WLVVHHQWKDWWKHWHPSHUDWXUHVDUHYHU\KLJKDWWKHEHJLQQLQJRIWKHWUDFNZKHQWKH
SURFHVVLQJ VWDUWV EHFDXVH WKH PHOWSRRO LV ORFDWHG LQ WKLV UHJLRQ $V WKH WLPH SDVVHV WKLV SRLQW FRROV GRZQ ,Q
FRQWUDVW WKHHQGRI WKHWUDFNVWDUWVRIIZLWKD ORZWHPSHUDWXUHDQGKHDWVXSZKHQWKHODVHUUHDFKHVDQGPHOWV WKH
UHJLRQ$VH[SHFWHG WKHPLGGOHSRLQWRI WKH WUDFNKHDWVXSDV WKH ODVHUDSSURDFKHVDQGFRROVGRZQDV LWGHSDUWV
$YHUDJHKHDWLQJUDWHLVDURXQG&PVDQGFRROLQJUDWHLVDERXW&PV
 
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



)LJ7HPSHUDWXUHVDWWKHEHJLQQLQJRIWKHWUDFNWRSPLGGOHRIWKHWUDFNPLGGOHDQGHQGRIWKHWUDFNERWWRPDFURVVPXOWLSOHWUDFNV
2.3. Microstructure analysis 
'XHWRWKHQDWXUHRIWKH/3%)SURFHVVSURFHVVHGOD\HUVDUHUHKHDWHGPDQ\WLPHVGXULQJWKHSURFHVVLQJRIQHZ
OD\HUV DQG WKH HIIHFW RI UHKHDWLQJ RQ WKH PLFURVWUXFWXUH FDQ RQO\ EH REVHUYHG IURP WKH LQWHULRU OD\HUV /3%)
PDFKLQHSURFHVVHVWKHRXWHUUHJLRQVRIWKHVSHFLPHQVZLWKWKHVRFDOOHG³VNLQ´SDUDPHWHUVWKDWDUHGLIIHUHQWWKDQWKH
XVHUSUHVFULEHGSDUDPHWHUV,QRUGHUWRDQDO\VHWKHPLFURVWUXFWXUHRI/3%)SURFHVVHG,QFRQHOFRXSRQVWKH\DUH
ILUVWJURXQG WR UHPRYHDSSUR[LPDWHO\PIURP WKHRXWVLGH VXUIDFHV$IWHU WKHJULQGLQJRSHUDWLRQ WKH/3%)
FRXSRQV ZHUH HOHFWURSROLVKHG DERXW  P WR UHYHDO WKH PLFURVWUXFWXUH *UDLQ VL]HV DQG JURZWK GLUHFWLRQV DUH
LQGLFDWLYHRIFRROLQJUDWHVDQGFDQDIIHFWWKHPHFKDQLFDOSURSHUWLHVRIWKHPDWHULDOVLJQLILFDQWO\6(0LPDJHVZHUH
REWDLQHGIURPWKHSUHSDUHGWHVWFRXSRQVXVLQJWKH,Q/HQVDQG6HFRQGDU\(OHFWURQ6(GHWHFWRUVIURP;<;=DQG
<=VXUIDFHVDWPXOWLSOHORFDWLRQVDQGPDJQLILFDWLRQOHYHOV7KHLPDJHVUHYHDODGHQGULWLFPLFURVWUXFWXUHZLWKFURVV
VHFWLRQV RI GHQGULWHV DSSHDULQJ DV HTXLD[HGJUDLQV VHH)LJ 7KH GHQGULWHV DSSHDU WR EH JURZLQJ LQ WZRPDLQ
GLUHFWLRQV LQ WKHEXLOGBGLUHFWLRQDQGDOVR LQDGLUHFWLRQSHUSHQGLFXODU WR WKH ODVHU¶VVFDQQLQJSDWK'XULQJ WKH
SURFHVVLQJ WKH VFDQQLQJ SDWK FKDQJHVPDQ\ WLPHV WKXV FUHDWLQJ GHQGULWHV LQ GLIIHUHQW GLUHFWLRQV 7KH JURZWK RI
GHQGULWHV LQ WKHVH WZRGLUHFWLRQVFDQEHH[SODLQHGE\ WHPSHUDWXUHJUDGLHQWVDVGHQGULWLFJURZWK LVREVHUYHGZKHQ
ODUJHJUDGLHQWVRIWHPSHUDWXUHRUFRQFHQWUDWLRQDUHSUHVHQW,QWKHFDVHRI/3%)WKHWHPSHUDWXUHJUDGLHQWLVODUJHVW
LQWKHEXLOGGLUHFWLRQDVWKHFRROLQJRFFXUVWRZDUGVWKHEDVHSODWHYLDFRQGXFWLRQDQGWRZDUGVWKHHQYLURQPHQWDWWKH
WRSOD\HUGRPLQDQWO\YLDUDGLDWLRQGXHWRKLJKWHPSHUDWXUHVDQGWRVRPHH[WHQWFRQYHFWLRQWKHFKDPEHULVQRWLQ
YDFXXP
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
)LJ6(0LPDJHRIWKHHOHFWURSROLVKHG;<VXUIDFHRIWKH,QFRQHOVKRZLQJPDUNHGJUDLQVOHIWDQG;=VXUIDFHVKRZLQJFROXPQDUJUDLQV
ZLWKLQFOLQDWLRQVULJKWP :vs PPVh PPSS 

)LJ  VKRZV WKH ;= VXUIDFH RI D FRXSRQ ZKHUH FROXPQDU JUDLQV DUH REVHUYHG LQ WKH EXLOG GLUHFWLRQ ZLWK
DSSUR[LPDWHO\ȝPLQZLGWK ,W LVREVHUYHGWKDW WKHUHJLRQEHWZHHQWZRFXUYHGPHOWSRROERXQGDULHVFRQWDLQV
HTXLD[HGJUDLQVZKHUHDVFROXPQDUJUDLQVDVZHOODVHTXLD[HGJUDLQVDUHREVHUYHGZLWKLQWKHPHOWSRROERXQGDULHV
$Q LPDJHSURFHVVLQJSURFHGXUH LV DSSOLHGRQ6(0 LPDJHVE\PDUNLQJJUDLQERXQGDULHV LQRUGHU WR FDOFXODWH WKH
DYHUDJHGLDPHWHUVRIWKHFHOOXODUJUDLQVFRPPRQO\VHHQLQWKH;<VXUIDFH,QJHQHUDOLQFUHDVLQJWKHHQHUJ\GHQVLW\
FDXVHVDQLQFUHDVHLQWKHDYHUDJHJUDLQVL]HVVHH)LJ



)LJ(IIHFWRIHQHUJ\GHQVLW\RQWKHPHDVXUHGJUDLQVL]HRQ;<VXUIDFH
/DVHU SRZHU GRHV QRW VHHP WR DIIHFW WKH JUDLQ VL]HV VLJQLILFDQWO\ LQ ERWK  DQG  URWDWLRQ VWUDWHJLHV
,QFUHDVLQJ VFDQQLQJ YHORFLW\ WHQGV WR GHFUHDVH WKH JUDLQ VL]HV LQ ERWK  DQG  URWDWLRQ VWUDWHJLHV ,QFUHDVLQJ
KDWFKGLVWDQFHWHQGVWRUHGXFHWKHDYHUDJHJUDLQGLDPHWHUVLQWKHFDVHRIURWDWLRQZKHUHDVLQWKHURWDWLRQWKH
FKDQJHLVQRWDVVLJQLILFDQW7KHHIIHFWRIHQHUJ\GHQVLW\RQWKHPHDVXUHGJURZWKGLUHFWLRQDQJOHVLVVKRZQLQ)LJ
$QRYHUDOOGHFUHDVHLQPDJQLWXGHLVREVHUYHGZLWKLQFUHDVLQJHQHUJ\GHQVLW\LQERWKSRVLWLYHDQGQHJDWLYHDQJOHV
VXJJHVWLQJWKDWDVWKHHQHUJ\GHQVLW\LQFUHDVHVWKHJUDLQVWHQGWRJURZFORVHUWRWKHzEXLOGGLUHFWLRQ+RZHYHUWKH
HIIHFWLVKLJKO\QRQOLQHDU1RWHWKDWWKHJURZWKGLUHFWLRQLVFRQVLGHUHGSRVLWLYHLQFHUWDLQFDVHVDQGQHJDWLYHLQ
VRPHRWKHUFDVHV6LQFHWKHELQVL]HVZHUHHDFKELQFRQWDLQHGVDPSOHVZLWKLQWKHUDQJHRIWKHELQFHQWHU



)LJ(IIHFWRIHQHUJ\GHQVLW\RQWKHJURZWKGLUHFWLRQVRQ;<VXUIDFH
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0RGHOLQJDQGVLPXODWLRQV
$ QRQOLQHDU ' )LQLWH (OHPHQW0HWKRG EDVHG0$7/$% SURJUDP LV GHYHORSHG WR VLPXODWH WZRWUDFN /3%)
SURFHVV DW ORZ P  : vs PPVPHGLXP P : vs PPV DQG KLJK P  : vs PPV
HQHUJ\GHQVLW\VHWWLQJVRI-PP-PPDQG-PPUHVSHFWLYHO\DWDFRQVWDQWKDWFKGLVWDQFHRI
h PPDQGDOD\HUWKLFNQHVVRIs PP$UÕVR\7KHPHVKJHRPHWU\ZDVPP[PP[PP
OD\HUV7KHERWWRPOD\HULVDVVXPHGWREHWRXFKLQJWKHEDVHSODWHZKLFKLVNHSWDWDFRQVWDQWWHPSHUDWXUHRI&
. 7KHPHVK FRQVLVWV RI  LVRSDUDPHWULF OLQHDU KH[DKHGURQ HOHPHQWV DQG LV REWDLQHGZLWK WKH*PVK
VRIWZDUH $ *DXVVLDQ ODVHU EHDP SURILOH LV LPSOHPHQWHG DV D KHDW VRXUFH DQG ' GLIIXVLRQ HTXDWLRQ LV VROYHG
QXPHULFDOO\7HPSHUDWXUHGHSHQGHQWSURSHUWLHVDUHHPSOR\HG7DEOH7KHPHVKLVGHVLJQHGWRDOORZDQDFFXUDWH
UHSUHVHQWDWLRQRIWKHODVHUEHDPWKHVPDOOHVWHOHPHQWVLQWKHFHQWUDOUHJLRQDUHPîPîPLQVL]HZKLFK
SURYLGHGDVXIILFLHQWUHVROXWLRQIRUWKHODVHUEHDPZKLOHWKHODUJHVWHOHPHQWVDUHPîPîPLQVL]H7KH
VFDQQLQJVWDUWVRQWKHWRSVXUIDFHz PPDWx=PPy PPDQGWKHILUVWWUDFNHQGVDWx PP y PP
DIWHUPPRIVFDQQLQJ$WWKHHQGRIWKHWUDFNWKHODVHULVWXUQHGRIIIRUPV7KHODVHUWKHQVWDUWVSURFHVVLQJ
WKHVHFRQGWUDFNEHJLQQLQJDWx PPy PPDQGHQGLQJDWx PPy PP
7DEOH7HPSHUDWXUHGHSHQGHQWPDWHULDOSURSHUWLHV&ULDOHVHWDO
/LTXLGXV7HPSHUDWXUHTL>.@ 
6ROLGXV7HPSHUDWXUHTS >.@ 
'HQVLW\U>NJP@ 
/DWHQW+HDWRI)XVLRQLf>N-NJ@ 
6SHFLILF+HDWCp>-NJ.@TTS uT
6SHFLILF+HDWCp,L>-NJ.@TTL 
7KHUPDOFRQGXFWLYLW\k>:P.@TTS uT
7KHUPDOFRQGXFWLYLW\k>:P.@TTL 
5HIOHFWLYLW\R 
3UHGLFWHGWKHUPDOILHOGDQGPHDVXUHGWKHUPDOLPDJHDUHFRPSDUHGLQ)LJ0HOWSRROZLGWKVH[WUDFWHGIURPWKH
ORZ PHGLXP DQG KLJK HQHUJ\ GHQVLW\ )( VLPXODWLRQ UHVXOWV DUH VKRZQ LQ )LJ  $V H[SHFWHG KLJKHU HQHUJ\
GHQVLWLHVUHVXOWLQZLGHUPHOWSRROV)XUWKHUPRUH7\SH,PHOWSRRODWWKHHQGRIILUVWWUDFNDQG7\SH,,PHOWSRRODW
WKHEHJLQQLQJRIVHFRQGWUDFNDUHREVHUYHGIRUDOOFDVHVDWDURXQGPVDQGPVPDUNV7KHPHGLXPGHQVLW\)(
VLPXODWLRQHVWLPDWHVWKHPD[LPXPPHOWSRROZLGWKWREHPZKLOHWKHPLQLPXPPHOWSRROZLGWKDIWHUUHDFKLQJ
VWHDG\VWDWHLVDERXWP2YHUDOOWKHUHVXOWVDUHLQJRRGDJUHHPHQWZLWKWKHPHDVXUHPHQWVLQ)LJ



)LJ3UHGLFWHGWKHUPDOILHOGDQGWKHUPDOLPDJH
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
)LJ3UHGLFWHGPHOWSRROVL]HVDWWKUHHHQHUJ\GHQVLW\VHWWLQJV

7KHWKHUPDOJUDGLHQWVRI WKH')(VROXWLRQIURPWKH<=YLHZDWPHGLXPHQHUJ\GHQVLW\RI-PPVHH
)LJGHSLFWVVWURQJJUDGLHQWYHFWRUVLQWKH=GLUHFWLRQFDXVHGE\KHDWLQJRIWKHODVHUDWWKHWRSDQGFRROLQJRIWKH
EDVHSODWH7KH<=YLHZVKRZVVRPHKHDWGLIIXVLRQLQWKH<GLUHFWLRQZKLFKLQGLFDWHWKDWWKHPHOWSRROUHJLRQDOVR
FRROV GRZQ WRZDUGV WKH FRROHU UHJLRQV RQ WKH VLGHV RI WKH WUDFN 7KLV ODWHUDO FRROLQJ LV IXUWKHU DIIHFWHG E\ WKH
QHLJKERXULQJPDWHULDO VROLGLILHG UHJLRQV WUDQVIHU WKH KHDW PRUH HIIHFWLYHO\ WKDQ SRZGHU UHJLRQV 2WKHU WKDQ WKH
VWURQJJUDGLHQWVLQWKH=GLUHFWLRQLQWKH;=YLHZODWHUDOFRROLQJLVDOVRREVHUYHGHVSHFLDOO\DWWKHHQGRIWKHWUDFN
DIWHUx PPZKHUHWKHODVHULVWXUQHGRIIIRUDSHULRGRIWLPHPVIROORZHGE\WKHLQLWLDWLRQRIWKHVFDQQLQJ
RI WKH VXEVHTXHQW WUDFN DV WKH VLPXODWLRQPRGHOV WZR WUDFNV 7KHVH UHYHDO WKH QDWXUH RI VROLGLILFDWLRQ LQ /3%)
SURFHVVDVLWLVWKHVHWKHUPDOJUDGLHQWVWKDWVKDSHWKHPLFURVWUXFWXUHGXULQJVROLGLILFDWLRQ


)LJ7KHUPDOJUDGLHQWVH[WUDFWHGIURP<=YLHZRI)(VROXWLRQ

$WPHGLXPGHQVLW\DQJOHVLQ;=SODQHVJLYHQLQ)LJVKRZWKDWPDMRULW\RIWKHKHDWGLIIXVLRQDOLJQVGLUHFWO\
ZLWK WKH EXLOG GLUHFWLRQ ZLWK D VOLJKW WLOW WRZDUGV WKH VFDQQLQJ GLUHFWLRQ LQGLFDWHG E\ WKH SRVLWLYH DQJOHV 7KH
QHJDWLYH DQJOHV LQ ;= SODQHV DUH LQ WKH RSSRVLWH RI WKH VFDQQLQJ GLUHFWLRQ DQG UHVXOW IURP WKH DUHD QHDU WKH
EHJLQQLQJRI WKHVHFRQGWUDFNx PP,W LVREVHUYHGWKDWDV WKHVFDQQLQJYHORFLW\GHFUHDVHV WKHDQJOHVDUH
WLOWHG WRZDUGV  LQ WKH GLUHFWLRQ RI VFDQQLQJ 2YHUDOO WKHVH DQJOHV LQGLFDWH WKH JURZWK GLUHFWLRQ RI FROXPQDU
JUDLQVDIIHFWHGE\WKHKHDWGLIIXVLRQZLWKUHVSHFWWRWKHEXLOGGLUHFWLRQ,WLVQRWHGWKDWWKHVHDQJOHVODUJHO\FRLQFLGH
ZLWKWKHGLUHFWLRQDQJOHVREVHUYHGLQ)LJ

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

)LJ*UDGLHQWGLUHFWLRQVLQWKH;=SODQHREWDLQHGIURP)(VROXWLRQV
&RQFOXVLRQV
7KLVVWXG\SURYLGHVLQYHVWLJDWLRQVRQUHVXOWDQWPLFURVWUXFWXUHRQWKH/3%)EXLOWQLFNHODOOR\WHVWFRXSRQV
7KH UHODWLYH GHQVLW\ ZDV IRXQG DURXQG  7KHUPDO PHDVXUHPHQWV UHYHDO 7\SH, PHOWSRRO VL]H RI
PPPPDQG7\SH,,PHOWSRROVL]HRIPPPP7KHVSDWWHUZDVGHWHUPLQHGEHFRQVLVWLQJRI
VRPHYDSRUL]DWLRQ)(PRGHOLQJSURYLGHG' WKHUPDO ILHOG DQG WKHUPDOJUDGLHQWVZLWKPHOWSRRO VL]HSUHGLFWLRQV
7KHHIIHFWVRISURFHVVSDUDPHWHUVDQGVFDQVWUDWHJ\URWDWLRQRQ WKHPHDVXUHGDQGSUHGLFWHGSURFHVVYDULDEOHV WKDW
FRQWULEXWHWRWKHJURZWKGLUHFWLRQRIUHVXOWDQWFROXPQDUPLFURVWUXFWXUHDQGRYHUDOOEXLOWTXDOLW\KDYHEHHQUHSRUWHG
$FNQRZOHGJHPHQWV
7KH VXSSRUW E\ WKH 86'2& 1,67 XQGHU WKH ILQDQFLDO DVVLVWDQFH QXPEHU 1$1%+ DQG
DVVLVWDQFHE\'U6KDZQ0R\ODQ'U%UDQGRQ/DQHDQG'U$ONDQ'RQPH]LQGHVLJQLQJDQGFRQGXFWLQJ
H[SHULPHQWVDQGDFTXLULQJLQVLWXWKHUPDOYLGHRVDUHJUDWHIXOO\DFNQRZOHGJHG
5HIHUHQFHV
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